Optical approaches to TTD can be divided roughly into two general approaches, waveguide and free space. Fiber-or waveguide-based approaches switch beams among waveguide paths of varying lengths [2] [3] [4] [5] [6] or use multiple wavelengths and dispersion to create relative delays [7] [8] [9] [10] . Fiber lengths can be arbitrarily long and have low loss but the lengths are difficult to control accurately. Fiber switching and coupling loss for a large number of delays can also become substantial. Short delays are better suited to integrated waveguide approaches [11] , although the waveguide losses can be an issue. Some fiber approaches use fiber Bragg gratings [12] [13] [14] [15] [16] [17] in conjunction with tunable lasers, wherein the laser wavelength is tuned to select the grating at the proper distance.
Free-space approaches typically use a series of spatial light modulators to select the paths for arrays of beams [18] [19] [20] or acousto-optic modulation [21] , [22] . The advantage of free space is low weight and equal ease of implementing long and short delays. The drawbacks tend to be a large number of optical components, achieving and maintaining alignment of those components, and large physical size due to beam expansion.
We have previously reported on free-space optical TTDs based on the White cell [23] [24] [25] [26] . An array of optical beams enters the White cell, and each spot is focused onto a separate pixel of a micro-electromechanical systems (MEMS) array of tilting micromirrors. The micromirror for each beam tilts to select among several choices of path lengths. The spots are subsequently imaged to another section of the same MEMS, and another set of paths is selected.
The White cell can be very compact because 1) many light beams can be processed in parallel with the same hardware; 2) the beams can overlap in the same volume without interfering so that the same space is re-used many times; and 3) the device can operate over very wide wavelength range (10 s of nm); enabling wavelength division multiplexing.
A disadvantage of the White cell as applied to time delays is that it uses a large number of mirrors. For example, in the optical design used in this paper, there are 18 separate mirrors just in the time delay portion, plus two more ground on the backs of dielectric rods; each of those mirrors has a different tilt angle, and the tilts must be very precisely controlled. Thus, such a system would normally be difficult to align and the alignment difficult to maintain. In this work, we circumvent this problem by fabricating many mirrors on a shared substrate, using slow-tool diamond turning. In this case there are two sets of mirrors, one at each end of the White cell, greatly reducing alignment time and 0733-8724/$26.00 © 2011 IEEE TABLE I  SPECIFICATIONS FOR TRUE TIME DELAY DEVICE complexity. Such monolithic fabrication approach is also suitable for quantity production. Table I shows the specifications for this design. There are 112 input channels (to control 112 antenna elements or sub-arrays), with 81 delays ranging from 312.5 ps to 25 ns. The MEMS pixels can tilt to any of three discrete states, "east" or "west" at 1.4 , and "flat" is also a stable position.
This paper is organized as follows. In Section II we give a brief review of the White cell and describe the optical design. Section III discusses the slow-tool diamond turning, and details about the MEMS are given in Section IV. The photodetector array that coherently combines the signals to produce the RF output is described in Section V. Construction and alignment are covered in Section VI, while experimental results are presented in Section VII. Discussion and conclusions are provided in Section VIII.
II. THE WHITE CELL AND OPTICAL DESIGN
The White cell was originally invented in the 1940's for spectroscopy, wherein the absorption of low-pressure gases was measured by causing a single light beam to bounce back and forth multiple times through the sample [27] , [28] . Recently the White cell has been adapted to a variety of optical signal processing applications including optical switching [29] , optical correlation and quality-of-signal monitoring [30] , and optical true time delays for phased array antennas. The detailed operation of these devices is reviewed, for example, in [24] , so we will only summarize here.
A basic White cell normally consists of three spherical mirrors, two objective mirrors facing a field mirror, Fig. 1(a) . The three mirrors are spherical, with radius of curvature equal to the distance between them. Light entering the cell is focused to a spot on an input turning mirror, which directs the light to objective mirror Z1. The light expands on its way to Z1, and Z1 focuses the beam to a new spot an equal and opposite distance from Z1's center of curvature (CC(Z1)). The field mirror, in turn, images the light from Z1 onto Z2. From there the light is focused to a second spot on the field mirror, this time an equal and opposite distance from CC(Z2). The process continues, forming an array of spots on the field mirror, until the beam eventually walks off the field mirror, hits the output turning mirror, and leaves the White cell. The original White cell is a completely passive device, but we replace the spherical mirror in Fig. 1(a) with a MEMS micromirror array and a field lens, producing a new cell that is optically equivalent. The MEMS mirrors, however, can tilt "east" or "west" or remain flat. Thus, when a spot lands on a given MEMS pixel on any particular bounce, it can be directed left or right. In Fig. 1(b) , a triple White cell is shown. Mirrors Z1 and Z2 are the objective mirrors of one White cell, and we have added additional objective mirrors E1, E2, W1, and W2. Next, we replace the input beam with an array of input spots (from a fiber array, not shown), which is incident on the input turning mirror, Fig. 1(c) . The light from all the beams goes to one of the objective mirrors, which images the array onto a section of the MEMS. The micromirrors can tip East, West, or flat to send each input beam individually to the East, West, or to the null path (Z's). These objective mirrors re-image the array to another section of the MEMS, and the process is repeated. The beams always alternate between upper (Z1, E1, or W1) or lower mirrors. The (images of the) centers of curvature of the upper mirrors all coincide on the MEMS at CC1, and those of the lower mirrors at CC2. The locations of the CC's are adjusted to produce a given number of bounces on the MEMS, in this case ten. After 10 cycles, the output spots strike an output mirror and go to the detector (not shown).
The number of delays possible is a function of the number of bounces and is given by [23] (1) Because of the power of four in (1), we call this design a quartic White cell.
To produce the time delays, E1, E2, W1, and W2 are replaced with delay paths, Fig. 2 . The shortest delay path is ps, located at E2, and is implemented using a ZnSe rod. Its back surface is curved and offset from the plane of the objective mirrors to maintain imaging conditions [31] . We allow any given light beam to visit this delay arm up to two times. The next delay arm, ps, is implemented in arm W2, using a silicon rod. 1 The remaining delays, ns and ns are realized using folded mirror trains, in arms W1 and E1 respectively. In W1, the light goes from the MEMS to objective mirror W1, then to W1a near the MEMS end of the cell, thence to W1r ("r" for "return") and back through W1a and W1 again before returning to the MEMS. Similarly, the longest mirror train consists of E1, E1a, E1p, E1b, E1q, E1c, and E1r, and returns back in the reverse order.
The mirrors W1a, E1a, E1b, and E1c are all on the same plane. We call these the "front four," and all are machined on a single substrate, Fig. 3(a) , using slow-tool diamond turning (Section III). These mirrors contain images of the MEMS and they are approximately 6.65 7.6 mm (there is some demagnification; the MEMS size is 8.0 8.75 mm).
Because an image of the MEMS appears on each of the front four mirrors, this was a more convenient place to put the turning mirrors. There is an output turning mirror on W1a, Fig. 3(b) , and an input running mirror adjacent to E1a. The turning mirrors must intercept an array of spots without interfering with the adjacent spot array, Fig. 3(c) , requiring a very precisely placed straight, sharp edge, hence the term "scraper." Note that the front four mirrors and the scrapers are spherical mirrors, but they all have different pointing angles.
There is a hole in the center of the front-four plate for the beams to pass to and from the MEMS; the field lens can be seen behind it.
Also visible in Fig. 3(a) is a hole for the input beams, which come from a microlensed fiber array. For alignment, an aperture plated with five holes in it was used. The holes correspond to a center beam, and one near each corner of the input array. This allowed for alignment of the fiber array with the MEMS micromirrors. Alignment will be discussed more fully in Section VI. 1 Silicon was not used for the shortest delay just because it would be too short to handle mechanically.
The front four assembly also anchors the MEMS chip, the field lens, the photodiode-receiver interface, and beam alignment fixtures.
Fig . 4 shows the objective mirrors, also machined from a single substrate. The two delay rods protrude through holes machined into the substrate, and are held and aligned by fixturing behind and attached to the plate. Table II lists the design values for the mirrors and delay rods. All mirrors at the objective end of the White cell are 9.5 mm in diameter. Mirrors IN, E1, W1, and OUT are slightly toroidal to correct for astigmatism, with % difference between the and curvatures. All other mirrors are spherical. The offset for the delay rods is the distance in front of the other mirrors that the rods protrude.
As for the front four, no two objective mirrors have the same pointing angle. Further, the mirrors on the objective end must be aligned with a pointing accuracy better than 10 rad to ensure that all the spots land on the appropriate MEMS pixels on each bounce, as well as on the final detector element in the detector array. The pointing accuracies of the front four mirrors and the MEMS micromirrors are much more forgiving (they can be off by a couple mrad) because their function is to make the beams hit the objective mirrors, which are far larger targets and oversized as well. For this reason the White cell is not sensitive to MEMS mirror pointing angle errors, discussed in Section IV.
The input is a 7 16 array of single-mode fibers on a 250 m pitch to match the MEMS pixel pitch. A microlens array maintains the pitch but adjusts the spot size to 60 m radius ( power) at the MEMS plane. The MEMS pixels are 240 m in diameter; the spot radius is chosen to be half the mirror radius to keep truncation loss under 0.0004 (0.018 dB).
The output optics consist of a folding prism with aspheric front surface and back surfaces, followed by a microlens array that is the same as the input fiber microlens array. It focuses the 112 beams onto a 7 16 array of InGaP p-i-n photodiodes. The detector array is discussed in Section V.
III. SLOW-TOOL DIAMOND TURNING
Slow-tool diamond machining is an ultra-precision process in which a complex surface is carved using a single point diamond tool that is used to broach the substrate to remove material. Fig. 5 shows the process. The diamond tool tip rasters across the substrate in 0.5 m steps, while the servo control moves the tool in and out as well as rotates the mirrors. The machine used here is linear motion and tool station rotation motion. The work spindle uses air bearings to achieve high axial and radial stiffness. The three linear axes are equipped with linear laser-scales capable of resolving 8.6 nm at a maximum speed of 1800 mm/min. The work spindle is capable of reaching 6 000 rpm (revolutions per minute) while maintaining axial and radial error motion of less than 25 nm. The work spindle can also maintain angular position to less than 0.5 arc second in a modulated mode at speeds up to 2 000 rpm. The best surface finish the machine can achieve using single point diamond tools are mirror surface finishes of (arithmetic average, depending on work piece material).
The mirror blocks were first rough-machined out of superinvar using conventional means, and nickel-plated. The parts were then slow-tool diamond turned to the final dimensions. The diamond turning removes only nickel. The surface finish was measured to have 45 nm rms roughness. Surfaces were then gold-coated to enhance reflectivity at 1.55 m. The curvatures were measured using a Fizeau interferometer against a reference sphere at 633 nm. Curvatures were accurate to within 0.1% average error. Simulations indicated that pointing accuracy better than 10 rad would be required for the objective mirrors, and this was verified since all the light beams made it through the entire system and landed on the detectors, regardless of delay path.
IV. MEMS
The MEMS mirror array used in this work was custom-designed for the White cell, and uses a modified SUMMiT™ process with integrated field-effect transistors [32] . The MEMS itself is a 32 35 array of 240 m diameter mirrors on a 250 m pitch, Fig. 6 . Each pixel can tip to any of three discrete angles:
and flat. The 2240 electrodes are controlled by a row-column addressing scheme that reduces the pin-out to fewer than 120 wires.
Simulations indicated that the White cell requires MEMS pixel flatness less than 160 nm across the 240 m mirror. In fact, flatness better than 50 nm was achieved by careful design of a multi-layer stack that provided the needed stiffness while countering built up stresses. The top layer is aluminum. There are no etch access holes in the metalized mirrors.
The micromirror tip angles are set by an inner and outer set of stops. The outer stops are set by the layout geometry, but the inner stops are created using a timed dimple-etch, which mitigates pattern-density-induced tilt angle variations. Mirror tilts were found to be uniform to within 0.05 across the array.
The effect of tip angle errors in the MEMS was analyzed. The function of the MEMS pixel tilts is to just to cause the beams to strike the appropriate objective mirror, and the objective mirrors are intentionally oversized. Thus, the pointing angle tolerance does not have to be nearly as tight as the pointing angle of the objectives, which must image one MEMS pixel precisely onto another. Because the image of the spot array is inverted on each successive bounce, the worst-case cumulative error would occur when tilt angle errors alternate sign from one bounce to the next. If a beam were to be truncated by an objective mirror, however, that loss will be sustained only once, since the objective mirrors are images of each other. The truncated beam will simply be replicated on the next mirror, neglecting minor diffraction from the edge and assuming no worse displacements occur later.
Using an early MEMS, circa 2006, we measured the tip angle for every mirror on the array, and calculated the displacement of the beams on the objective mirrors for every channel and for every possible delay. That early device exhibited angle errors from to , resulting in a maximum displacement of 2.4 mm on an objective mirror, Fig. 7(a) , corresponding to 0.04 dB loss. More recent devices exhibit maximum tilt errors about one third this size, reducing beam displacement on the objective mirrors to less than 1 mm. Fig. 7(b) shows the loss due to angle errors of this magnitude are negligible. Each mirror array was packaged in a 120-pin ceramic pin grid array using automated die placement to reduce the alignment required after installation of the MEMS into the White cell. The MEMS package was not sealed to prevent Fresnel losses from a window, since the beams pass through it 20 times. Instead, the field lens protects the chip. In future iterations, the field lens would be used to seal the package, with a suitable ambient to dampen the mirror movement appropriately independent of the operating environment.
The MEMS array is driven by an FPGA-based controller that receives mirror position commands via a USB interface from the control PC. The mirror positions are loaded into one of two memory blocks in the FPGA. When the data transfer is completed, the row and column signals are shifted to the other data memory. With the dual data memories, the transfer of new data does not interrupt the mirror refresh signals. Electrode drive signals are sent serially through 16 data lines at a 40 MHz aggregate data rate. Four 32-channel serial-to-parallel converters with high voltage outputs (Supertex HV610) shift the logic level signals to the required Row and Column drive levels (typically 20-25 V).
Measured mirror switching speed for individual mirrors was sec, with the entire array switching in under 100 sec. The functional mirror yield of delivered MEMS arrays was %. Samples of these parts have been life-tested for 10 million cycles, at the end of which two mirrors were stuck.
V. PHOTODETECTOR ARRAY
The receiver consists of a 7 16 array of dual-depletion InGaAs/InAlGaAs photodiodes on an InP substrate, Fig. 8(a) (a 7 32 array is shown) [33] . An individual detector is shown in Fig. 8(b) . The photodetectors are 9 m in diameter. Arrays of 
VI. CONSTRUCTION AND ALIGNMENT
By diamond-turning many mirrors on a single substrate, and integrating the microlens arrays with the fibers and detectors, the number of optical components that need to be aligned was reduced from 24 to just 8. Given that each element requires six degrees of freedom for alignment, this represents a significant simplification. The front four assembly contains, in addition to the four mirror train folding mirrors and input and output scrapers, the input fiber array with its associated microlens and field lens, plus a Risley prism to compensate for tilt, the MEMS and its field lens, and an output folding prism whose entrance and exit surfaces are curved to replace an output field lens. This front-four unit serves as the anchor for everything else. It has alignment pads, also diamond-turned, so that it can be aligned to kinematic interfaces in a metering structure, Fig. 9 . Similarly, the objective mirror block with the delay rods mates to the metering structure via a kinematic interface. Thus, once the unit is aligned, either mirror block assembly can be removed and replaced without disturbing the alignment. The positions are repeatable to within 2 m. Both the mirror blocks and the metering structure are made of super-Invar for maximum thermal stability.
The objective mirror block, front-four block, and metering structure form a rigid optical assembly with a natural resonance frequency near 510 Hz. This assembly is mounted to the aluminum enclosure at three points with lock pin screws and vibration isolation pads to reduce mechanical coupling and accommodate for thermal expansion. The MEMS electronics are in a separate enclosure attached to the top of the box. The entire assembly is approximately 16 5 4 inches in volume.
To align the cell, the front-four assembly and the objective mirror block are screwed to the metering structure, and the input fiber array with built-in microlens array and the field lens are attached to the front four. There are adjustments for aligning the pointing and position of the input beam array. A small plate with five holes in it, one for each corner and one for the center, is placed in front of the input. To align the input array, the MEMS is replaced by a transparent target plate with a grid pattern on it that marks the positions of the MEMS pixels. The five inputs corresponding to the holes are lighted, and an IR camera is used to image the back of the target.
Once the input array is aligned and fixed in place, the MEMS is installed. The beams can now travel all the way through the White cell (all 10 bounces) and come out toward the receiver. To align the MEMs chip, a second transparent target plate is used at the detector location, also with a grid pattern. The MEMS has control of translation (two directions) and one degree of rotation freedom (clocking) only. Focus is not needed as the beams are collimated between the field lens and the MEMS. One can determine which pixel each of the five test beams is striking by simply toggling the micromirrors and observing when the beams deflect.
Next, the delay rods are aligned by programming the MEMS to send a beam to each rod. Finally, the receiver is aligned by blinking the four corner beams and monitoring the total photocurrent. The receiver position and clocking are adjusted to correctly capture all four corner-beams, and focus is optimized. Fig. 10 shows a set of spots on the detector grid array as the path through the White cell is varied. It can be seen that there is negligible beam clipping, and that the beam shape remains relatively constant. There is little field distortion, and the spot locations are precise and repeatable, demonstrating that all mirrors curvatures and pointing angles are correct. Further, there is almost no spillover between channels.
VII. EXPERIMENTAL RESULTS

A. Time Delays
Time delays were measured using the apparatus of Fig. 11(a) . A 1550 nm laser was modulated with a 1 ns pulse and then split and coupled into two fibers in the input array. One beam had a manually adjustable reference time delay unit in the path. Both beams entered the White cell, and a specific delay was programmed into the other beam. The arrival times are compared on a 10 GHz scope. The picoammeter is used to monitor the DC photocurrent, which provides a monitor on alignment. Fig. 11(b) shows a sample measurement, in which the beams from two different fibers are detected by the photodiode array. The MEMS is programmed to pass one beam through the null cell, and the other beam passes through the W1 path for a measured delay of ns ps. This is quite close to the design value of 2.8125 ps. Table III gives the delay results for all the other paths. All delays were accurate to within experimental error.
B. Loss
The losses are divided into two components: White cell insertion loss, measured from the output of the fibers to the entrance to the receiver, and the receiver electro-optic (EO) conversion loss. These two locations are accessible with a power IN FIG. 11 meter; the overlapping of beams in the White cell means one cannot take intermediate loss measurements because the metering structure blocks the path of other parts of the beam. We further divide these losses into inherent losses, set by design and material choice, and excess loss, which depends on the fabrication and alignment quality.
The inherent losses are discussed first. The reflectivity loss of the MEMS dominates due to aluminum micromirrors , which for 10 bounces contributes dB. The diamondturned mirrors, which are gold-coated, have a reflectivity of 0.965, and in the null path 13 such surfaces are encountered, contributing another dB. The total inherent loss for the null delay is estimated to be dB, considering antireflection coatings on the lenses, diffraction, and absorption in the lenses. The receiver EO conversion was measured at 0.5 A/W.
The excess losses include beam clipping, aberration, and scattering due to misalignment, field curvature, and fabrication defects on mirror surfaces. We observed some beam clipping on the MEMS mirrors and aberration that arises from operating slightly off axis through the three field lenses. Beams in the center 75% of the array have relatively small variation ( dB) of loss. For beams along the edges of the 7 16 array, field curvature adds as much as 4 dB of loss. In the receiver, we estimated an excess loss of about 1.2 dB for the null path beam. This is most likely due to the combined effect of the very short microlens focal length (160 um) and the small detector area (9 um diameter), resulting in high sensitivity to small tilt error. Table IV shows measured losses for various delays. These are the averages of the five beams shown in Fig. 12 . The figure shows the bounce pattern on the MEMS; the 1 16 array is re-imaged 10 times in the order shown. The average White cell insertion loss was 6.6 dB, which is about 1 dB more than the estimated inherent loss, suggesting that alignment losses and mirror defects are well controlled. The EO conversion efficiency was measured at 0.37 A/W, a dB change from the prediction. This is attributed to accumulated aberrations, mostly focusing error. The total insertion loss for the null path was 7.82 dB, under the design target of 8 dB. As the delay changes, the path and thus the number and nature of surfaces also changes. The average loss per mirror in the East mirror train (13 extra mirror surfaces) was 0.2 dB (the longer mirror train) but 0.7 dB per mirror for the short mirror train (five extra surfaces). The reason for the difference is not clear, but may be due to either surface curvature or mirror pointing error in either W1 or W1r. The rods incur both reflection and absorption loss; the ZnSe (short) rod added 0.35 dB of loss and the Si (long) rod added 0.97 dB. Also note that as the delay path changes the wavefront aberrations also change, contributing some variation in the receiver excess loss.
C. Thermal Cycle and Shock
The unit was thermal-cycled in dry ambient air, between 0 C and 50 C with 1-hour dwell times at each extreme. Four cycles were completed with 3 degrees C/min transition rates. That was followed by random vibration, 9.84 g rms, for 180 second duration on each of three axes. Post-test evaluation included visual inspections for any loose components, verification of MEMS operation, and check of alignment and insertion losses. After vibration on the first axis (shortest dimension of the box), two lid fasteners were found to be loose. They were tightened, and did not loosen again during the remaining two axes of vibration.
After all three axes of vibration, the MEMS was examined, and a few mirrors were found to have become stuck, Fig. 13 . When all mirrors were programmed to turn East or West improper operation of 4 rows was observed. Similar failures observed in MEMS testing were found to be attributable to shorting of stuck mirrors to underlying wiring. This particular MEMS part had been in use in lab air for over a year and survived a previous vibration (and unintentional shock) test that most certainly generated debris in the optical assembly, thus these results are encouraging. The part continued to function normally in unaffected regions thereby allowing post-vibration optical testing to continue.
To evaluate any changes in alignment or loss due to thermal cycling and vibration, the photodetector current was monitored for the MEMS pixels all flat (a condition that would not deliver any beams to the photodectors) and for a particular MEMS pattern that did direct beams to the output after navigating all 10 bounces in the White cell. Table V shows negligible change in the currents pre-and post-vibration.
From fiber to fiber, about 1.6 dB spread of variation for 90% of the fibers was observed. In the remaining 10%, the maximum. difference was dB for one channel relative to the average insertion loss. 
VIII. DISCUSSION AND CONCLUSIONS
The White cell described here is "quartic" and only requires the MEMS mirrors to tip to one of three states. An "octic" cell has been proposed elsewhere [25] , [34] in which the number of delays goes as instead of , where is the base of the counting system (in the quartic cell here, we counted in base 3, hence
). An octic cell can provide 6 399 delays in 18 bounces, essentially doubling the number of bits of resolution from over 6 to over 12. It should be noted that higher number of bounces for the octic cell tightens the mirror pointing precision requirement. Fig. 14 compares the objective mirror arrangement in the current quartic cell to a notional octic cell. This design uses additional delay paths to the north and south, and has four delays rods instead of two. Note, however, that the structure of the MEMS required is no more complex. That is because half of the MEMS mirrors need to tip only east, west, and flat, and the other half tip only north, south, and flat, so only a different mask is required. The rest of the White cell would be exactly the same as the quartic cell. This fact, plus the simplicity of the diamond turning, means that an octic cell would not be much more difficult to fabricate than the quartic cell.
This demonstration establishes the feasibility of fabricating a robust, compact, light-weight White cell device despite the complexity, number of mirrors, and requirement for high-precision pointing angles. By combining many mirrors on a single substrate, and using high-precision slow-tool diamond machining to create them, the otherwise daunting task of aligning all the optics individually is reduced to aligning just eight major optical components. Once aligned, the unit can be disassembled and reassembled without loss of alignment. There are 1120 MEMS micromirrors, 19 additional imaging mirrors (each with a different pointing angle), 227 lenses (including 112 in each of the two microlens arrays), 112 photodetectors and 112 input fibers. There are, in this design, about 820 mechanical degrees of freedom, and approximately 2 145 optical tolerances. By comparison, the number of optical tolerances in the James Webb Space Telescope (telescope only) is about 380 and for the Hyperion Hyperspectral Spectrometer (including polarization) is about 213. The slow-tool diamond turning process makes possible fabrication of systems as complex as the White cell because it is versatile and precise enough to create optical-quality mirrors while simultaneously producing alignment pads for ultra-precise and instant assembly.
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